Eucaryotic and procaryotic organisms differ in two aspects of their translation machinery: polycistronic messengers are expressed as a sequence of individual proteins only in procaryotes, and the initiation of protein synthesis proceeds with an initiator tRNA which is found to be modified (formylated) in procaryotes and not in eucaryotes. In the present study, we show that formylation is required in vivo for the coordinate expression of the Escherichia coli lactose operon. Our experiments are consistent with a translation mechanism using dissociated ribosomes at the 5' end of the mRNA in a reaction that is only weakly dependent on formylation at this initiation step; the ribosomes then travel along the messenger and can reinitiate after the intracistronic barrier without dissociation. This latter initiation step is strongly dependent on the level of formylation: a low level of the formyl group, obtained by the antifolic agent trimethoprim, induces a strong polarity in the expression of the lactose operon. There exist mutant strains in which this polarity is much less apparent than in the wild type. We show here that such is the case of rpsL mutants. Ribosomes mutated in the S12 protein (rpsL) are found to be much more easily dissociated than the wild type. This might explain why the expression of the lactose operon on rpsL strains remains coordinated when the intracellular level of formylation is decreased.
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Initiation of protein synthesis in most procaryotic organisms is coupled to the general cellular metabolisn by the chemical modification (formylation) of the methionine carried by initiator tRNAfMet. However, as we have previously reported, formylated and unformylated MettRNAfmet bind equally well to 30S ribosomal subunits in the presence of an mRNA (18) . Furthermore, both species appear to be recognized by initiation factors and, upon addition of 50S subunits, are able to form the first peptide bond. Conversely, 70S ribosomes discriminate very efficiently between Met-tRNAfmet and formylMet-tRNAfmet. Taken together, these two observations appear paradoxical since it is generally admitted that initiation of protein synthesis proceeds from ribosomal subunits and that formylation of intiator tRNA is universally required for polypeptide synthesis in procaryotes (8) .
From a biochemical study of the 70S couples (19) , we have proposed that two different mechaiisms may coexist for initiation of translation of polycistronic mRNA: The first cistron of the messenger is translated using dissociated ribosomes for initiation (this would be rather insensitive to formylation), whereas Since it has been shown (9) that the ribosomes found in E. coli wild-type cells growing in the presence of trimethoprim are mostly in the dissociated forn, we have compared the in vitro dissociation pattern of ribosomes from wild-type bacteria with the pattern of the isogenic streptomycin-resistant ribosomes by using a lightscattering technique. Our experiments show that ribosomes from the rpsL strain dissociate more easily than those from the wild type; this might relate the increase in resistance to trimethoprim (in the presence of excess one-carbon metabolites) of the rpsL mutants to the easier dissociation of their ribosomes. This seems to be consistent with the mechanism that we propose for the translation ofpolycistronic mRNA in E. coli.
MATERIALS AND METHODS
Ribosomes: preparation, biochemical, and physical assays. Ribosomes were prepared as described by Dondon et al. (5) and washed once at high (1.5 M) and twice at low (60 mM) ammonium chloride concentrations and further purified by sucrose gradient centrifugation in the presence of 5 This mutant can also grow on a synthetic medium supplemented with the one-carbon metabolites (serine, methionine, glycine, thymine, adenine, and pantothenate) in the presence of 100 pg of the antifolic agent trimethoprim (3) (14) supplemented with the required amino acids (50 ,ug/ml), thiamine (5 pg/ml), and either glucose or glycerol (0.4%) as a carbon source.
In vivo induction. To exponential cultures, different concentrations of protein synthesis inhibitors and an inducer of the lac operon were added concomitantly. After 1.5 generations of growth at 37'C (representing a mass increase of about 100 to 150 pg [dry weight] of bacteria per ml), the amounts of ,B-galactosidase and thiogalactoside transacetylase were determined. The results are expressed in units of enzyme per millim (dry weight) of increase of bacteria.
Enzymatic assays. Enzymes were assayed in toluene-treated bacterial suspensions (to 2 ml of bacterial suspension, 50 ul of toluene and 50 p1 of 1% sodium deoxycholate were added, and the mixtures were agitated for 30 min at 37°C). f,-Galactosidase was assayed by the method of Pardee et al. (17) . One unit is the amount of enzyme that hydrolyzes 1 pmol of O-nitrophenyl-f-D-galactoside per min at 28'C. Thiogalactoside transacetylase was assayed as described by Leive and Kollin (12) (18) , that fMet-tRNAfm`binding is stimulated whereas unformylated Met-tRNAfmet binding is inhibited by initiation factors. Since predisociated ribosomes are able to initiate peptide synthesis in the absence of formylation (18; data not shown), care was taken to be sure that our ribosomes were fully associated; this was obtained by using a low amount of monovalent cations (50 mM) ( Table 2 ).
In addition, we checked that timethoprim in high concentrations (100-fold higher than that known to inhibit bacterial growth) does not interfere with either binding of charged tRNA or formation of the first peptidyl link (Table 1) .
Light scattering by wild-type and streptomycin-resistant ribosomes. To obtain further information concerning a possible difference between wild-type and streptomycin-resistant ribosomes, we compared their dissociation pattern under different conditions. We chose the light-scattering method, which does not interfere with the experimental system and can easily be monitored at various temperatures and ionic strengths. Table 2 shows the magnesium concentration at a constant temperature and ionic strength at which half of the ribosomes from different E. coli strains are in associated form. The numbers were computed from association curves, such as shown in Fig. 1 , where the whole range of Mg2e concentrations was explored. A much higher magnesium concentration was needed to obtain half association of the streptomycin-resistant ribosomes than for the wild-type ones. ( Table 2 Fig. 1 , where we compared two isogenic strains CP78 (rpsL+) and CP781a (rpsL). Here, too, we found that ribo- MRE 600 (rpsL) 5 12 2001c (rpsL) 10 >50 CP78 (rpsL+) 3 10 CP781a (rpsL) (4) , which is similar to the cooperative behavior ribosomes (15) .
Thus, all the rpsL mutants that N far tested exhibit a dissociation patt distinct from that of the wild type. 1 ation curves appear to be similar, bu mum in magnesium concentration nf obtain half-associated particles is a1w for the streptomycin-resistant ribos for those of the wild type. These resu that in vivo (150 to 250 mM K+, 7 i (20) the proportion of dissociated ril much higher in the streptomycin-res tants than in the wild type.
Dissociation of ribosomes has us studied by using ultracentrifugation gradients at 40C. With this procedure icant difference was found between and streptomycin-resistant ribosome shown). Unfortunately, this simple exl procedure has three drawbacks: it in very high hydrodynamic pressure (w] interfere with dissociation); the chom ature is very far from the temperatur used for growth of E. coli (20 to 4 finally, sucrose itself masks the norm; tion pattern. Moreover, it has been shown (6) that, at 40C, the initiation step of protein synthesis is stopped while elongation can proceed.
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It therefore seems necessary that the experimental conditions should be as close as possible to the in vivo ones. Indeed, using the light-scattering method at 50C, we found no difference between the dissociation curves of ribosomes from strains CP78 and CP781a.
These results raise the question whether this in vitro-observed dissociation equilibrium has a meaningful function in vivo. In this respect, the study of translation of a polycistronic messenger seems a suitable system: assming that 70S (16), was used as a control for a direct inhibition at this step. Finally, we added methionine to the growth medium in an experiment to check whether our observation was not due to a starvation effect (10) . No loss of coordina- (Table  4) . Conversely, methionine addition does not reverse the effect of trimethoprim. Therefore, it appears that the effect of this antibiotic agent is specific for the uncoordination (polar effect) observed.
The experiments that we have just described deal with protein synthesis occuring at the normal initiation site of a polycistronic operon. It is known that, in some cases, protein synthesis can be initiated at secondary sites located inside a coding cistron. Investigating the relationship between polarity and translational punctuation, Zipser (23) has been led to study the polar effects of termination codons introduced in the Z gene. As expected, the general trend is that polarity increases as the mutation is situated closer to the operator site. However, mutations occurring in two well-defined regions do not fit this general picture; they exhibit much less polarity than their position would suggest. To account for this finding, Zipser postulated that a potential initiation site was located soon after the termination codons introduced in these regions. In agreement with this proposition, our own hypothesis would suggest that the 70S ribosomes running along the Z gene could be triggered for a proper reinitiation, provided that soon after the terminator mutation an initiation codon appears and that formylated initiator tRNA be present. Therefore, one would expect that inhibition of the formylation potential of the cell should result in restoration of polarity.
Since The presently available experimental data do not allow us to distinguish between these three hypotheses. However, the observation that the expression of the first cistron is favored compared to the last one would rather favor the first hypothesis over the others.
In vitro assay of initiation of polypeptide synthesis shows that there is a marked difference between 70S associated and (30S + 50S) dissociated ribosomes in their requirement for formylation. On the other hand, we showed that the ribosomes isolated from streptomycin-resistant mutants are significantly dissociated, compared to those isolated from the wild type, under temperature and ionic strength conditions comparable to those found in vivo. A decrease in formylation results in a polar effect in strains (rpsL+) in which ribosomes do not easily dissociate. This is consistent with the hypothesis of a preexisting equilibrium in the 70S ribosomal conformation, shifted towards activity (for initiation of protein synthesis) by fMet-tRNA at the intercistronic barrier. This involvement of formylation is further emphasized by the lack of polar influence of other inhibitors of protein synthesis acting either at the elongation or the initiation steps.
Our in vivo experiments appear to strongly suggest that the translation ofpolycistronic messengers proceeds with a significant proportion of 70S ribosomes running along the mRNA without dissociating at intercistronic barriers, provided that there is no limitation in the availability of formylated initiator tRNA. In addition, our experiments are consistent with the interpretation given by Zipser (23) of his results showing a lack of expected polarity when termination codons are introduced at several loci in the lacZ gene. One can indeed hypothesize that a start codon situated in the vicinity of these termination loci triggers a correct reinitiation without dissociation of the 70S ribosomes running along the message, at least when enough fMet-tRNAfrt is provided. These results might appear to conflict with the results obtained by Webster and Zinder (21) , who interpret their data as showing dissociation of 70S ribosomes at a termination signal. In fact, using purely in vitro experimental conditions, they have shown that at least 30% of intact 70S ribosomes remained attached to the mRNA after a termination codon. Since their experimental conditions imply a long delay and a large dilution factor, it is difficult to extrapolate their results to what actually happens in vivo with respect to dissociation of the ribosomes. Zalkin et al. (22) have also studied in vitro the expression of various enzymes of the biosynthetic trp operon. Using kasugamycin as a specific inhibitor of initiation of translation, they concluded that there is obligatory dissociation of the ribosomes at the intercistronic barriers. However, their interpretation is grounded on the assumption that kasugamycin specifically inhibits 30S-mediated initiation. In fact, although located on the 30S subunit, the site of action of kasugamycin results in inhibition of protein synthesis initiation both on dissociated ribosomes and 70S ribosomes (16) . Therefore, the results of Zalkin et al., rather than being contradictory, are consistent with our results. It has been shown a long time ago (1) that the expression of different enzymes ofthe his operon was sensitive to one-carbon pool metabolism. The various enzyme activities were expressed in an uncoordinated (sequential) fashion upon limitation of 10-formyl-tetrahydrofolate, whereas they were found to be coordinated when an excess one-carbon supply was provided to the growing cells. At that time this result was difficult to explain in a convincing way. We think that our present experiments are strikingly consistent with these former studies. Moreover, the fact that both a catabolic operon and a biosynthetic one appear to respond in a similar way to a variation in the one-carbon pool metabolism would suggest that our model might be quite general. Thus, the folic acid metabolism might exert an important regulatory control mechanism in the expression of polycistronic messengers. ACKNOWLEDGMENTS
